The effective chemotherapy treatment for liver cancer patients remains an urgent issue due to the difficulty in precisely delivering drugs to the tumor site. The targeted delivery of drugs by nanoparticles is a promising strategy to address this problem. However, the fabrication of drug targeted delivery nanosystem still remains a major challenge. In this study, a novel folic acid-functionalized (doxorubicin, DOX) DOX@ZIF-8 nanoparticles (DOX@ZIF-8-FA) were prepared as a liver cancer-targeted drug delivery system. The delivery nanosystem exhibited a high drug loading capacity (15.7 wt%) and presented excellent drug-sustained release performances and good pH-responsive properties. Compared with free DOX and DOX@ZIF-8 nanoparticles, the DOX@ZIF-8-FA nanoparticles displayed much higher anticancer efficiency in HepG2 cells, suggesting that the folic acid-functionalized DOX@ZIF-8 nanoparticles have promising applications in targeted treatment of cancer cells.
Introduction
Hepatocellular carcinoma (HCC) is the major form of liver cancer and is the third most common cause of cancer death worldwide [1] . Currently, chemotherapy is the major treatment method. However, advanced HCC often has a poor prognosis, and only a few chemotherapeutic drugs, such as sorafenib, demonstrate efficacy in increasing overall survival in advanced or metastatic HCC [2] . Due to the rapid development of drug resistance and low targeting ability, the effective course of chemotherapy for HCC often lasts for only a few months [3] . Thus, developing new strategies for targeted drug delivery and controllable drug release is vital.
With the rapid development of nanotechnology, nanoscaled materials such as mesoporous silica nanomaterials, metal nanoparticles, polymers, liposomes, and metalorganic-framework (MOF) materials [4] [5] [6] [7] [8] [9] are used as drug vehicles for reducing side effects and enhancing therapeutic efficacy, which offers an alternative strategy to address the problem discussed above. Among these nanocarriers, zeolitic imidazolate framework (ZIF), a subclass of MOF, with large surface areas, high porosity, and high stability, has been extensively utilized in drug delivery. Recently, several studies showed that ZIF-8 possessed a remarkable drug loading capacity and a pH-triggered control of drug release property [10] [11] [12] [13] [14] [15] [16] . However, a major drawback is their lack of tumor targeting ability. Further study is needed to develop tumor targeting ligand-functionalized MOFs to achieve targeted drug delivery and enhance therapeutic efficacy.
In this study, we report the synthesis of a folic acidmodified (doxorubicin, DOX) DOX@ZIF-8 nanoparticles (abbreviated as DOX@ZIF-8-FA) for targeted treatment of human hepatocellular carcinoma HepG2 cells. The DOX@-ZIF-8-FA nanoparticles were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), powder X-ray diffraction (PXRD), and zeta potential meter. Their in vitro cytotoxicity and therapeutic efficacy in HepG2 cells were also investigated using MTT assays. Furthermore, we demonstrated that the DOX@ZIF-8-FA complex has a higher anticancer efficiency towards the HepG2 cell lines compared with doxorubicin in the absence of ZIF-8 nanoparticles. The proliferation of HepG2 cells was significantly decreased after DOX@ZIF-8-FA treatment. [10] . In brief, 1.0 mL of DOX solution (DOX, 12 mg) was mixed with 200 μL of zinc nitrate solution (Zn(NO 3 ) 2 ·6H 2 O, 50 mg). The mixture was shaken at room temperature for 2 min. Then, 2.5 g of an aqueous solution containing 0.5 g of 2-methylimidazole was added dropwise to the above solution under ultrasonication. Following 15 min ultrasonication, the DOX@ZIF-8 nanoparticles were collected, washed with ethanol and water, and then dispersed in water. The quantification of DOX loaded in ZIF-8 nanoparticles was measured by using UV/Vis spectroscopy with the absorbance at 479 nm. The supernatant was used to quantify the DOX concentration. Because the obtained DOX@ZIF-8 nanoparticles are insoluble in the aqueous solution, the percentage of loaded amount of DOX was determined by performing the subtraction of the amounts of their initial and remaining DOX in the aqueous solution. The quantification of DOX was performed using the calibration curve of DOX in phosphate buffer (pH = 7.4, Supplementary Figure S1 ). The loading amount was calculated as follows:
Materials and Methods
Nanoparticles. 20 mg of DOX@ZIF-8 nanoparticles was dispersed in 1 mL of water, followed by adding 1.0 mL of FA solution (FA, 20 mg/mL, pH = 7.0). The mixture was applied to ultrasonic treatment at room temperature for 10 min. The obtained DOX@ZIF-8-FA nanoparticles were separated by centrifugation, washed with ethanol and water, and dissolved in water for further use. 2.5. Cell Culture and Proliferation Assays. Cells were maintained in DMEM (supplemented with 10% fetal bovine serum and 1% antibiotic/antimycotic agent) at 37°C in 5% CO 2 and 21% O 2 . HepG2 cells were plated at a concentration of 5 × 10 4 cells/mL in a 24-well plate and were treated with 25 nM free DOX, DOX@ZIF-8 nanoparticles, or DOX@-ZIF-8-FA nanoparticles. Cell viability assays were performed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent as previously described [17] .
2.6. Statistical Analysis. Statistical analyses were performed by the Student t-test (two-tailed) using Prism GraphPad software. Differences with P < 0 05 were considered statistically significant. Data were represented as mean ± SEM.
Results and Discussion
High-dispersion DOX@ZIF-8 nanoparticles were synthesized using the modified method developed by Zheng et al.
(please see experimental section for details) [10] . As seen in SEM and TEM images (Figures 1(a) and 1(b) ), the DOX@-ZIF-8 nanoparticles are nearly spherical with a very coarse surface. The particle size was also measured from SEM images at three different regions. The data revealed that the obtained DOX@ZIF-8 nanoparticles have a wide particle size distribution with a diameter of 30-110 nm, which is smaller than Zheng and coworkers' reported results [10] . This might be due to ultrasonication which could accelerate the reaction rate and produce more seed crystals at the early stage of the 2 Journal of Nanomaterials reaction, leading to the decrease of the particle sizes. The powder X-ray diffraction (PXRD) pattern of the DOX@-ZIF-8 nanoparticles is shown in Figure 1(c) . All of the sharp diffraction peaks can be indexed to the crystalline ZIF-8 particles, and no other peaks of impurity were observed in the PXRD patterns, suggesting high purity of the obtained DOX@ZIF-8 nanomaterials.
In order to endow this drug delivery system with tumor targeted ability, the DOX@ZIF-8 nanoparticles were integrated with folic acid, which has been widely used as a targeting ligand for treatment of folate receptor-overexpressing tumors including breast, lung, liver, and ovarian cancers [18, 19] . The surface functionalization of the particles was then investigated by zeta potential measurements. As revealed in Table 1 , the zeta potential of the DOX@ZIF-8 nanoparticles and the DOX@ZIF-8-FA nanoparticles was +28.0 mV and −4.9 mV, respectively. The zeta potential of the DOX@ZIF-8-FA nanoparticles was lower than the DOX@ZIF-8 nanoparticles, which was due to the present of negative charged carboxyl groups on the nanoparticles' surface by folic acid functionalization.
The release profiles of DOX from the DOX@ZIF-8-FA nanoparticles with 15.7 wt% DOX loading in different pH values of PBS buffer are shown in Figure 2 . There was only 48.5% of DOX released during the test time in PBS buffer at pH 7.4, whereas the cumulative release of DOX was about 68.8% at pH 5.0 and 65.5% at pH 6.0, respectively, in 12 days, suggesting that the DOX@ZIF-8-FA drug delivery system possesses excellent drug-sustained release performances and good pH-responsive properties, which are similar to previously reported DOX-ZIF-8 drug delivery nanosystems [10, 12] . The pH-responsive drug release mechanism of the DOX@ZIF-8-FA nanosystem involves two possible factors [12, 20] : (1) the easy degradation of ZIF-8 nanoparticles in acidic environments and (2) the increased solubility of DOX at low pH due to the increased protonation of amino groups in DOX molecules.
It is very important to evaluate the biocompatibility of the ZIF-8 NPs for their potential bioapplications. Hence, we performed the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on HepG2 cells to investigate the cytotoxicity of the ZIF-8 nanoparticles. (Figure 4) . Moreover, DOX@ZIF-8-FA nanoparticles exerted a better inhibition function than the treatment with either DOX@ZIF nanoparticles at the DOX concentration of 7.5 μg/mL for 24 h (Figure 4) . The concentrations causing 70% cell growth inhibition. The possible mechanism may be attributed to the targeting ligand (folic acid) on the particle surface to enhance cellular uptake of the nanoparticles into HepG2 cells, resulting a higher therapeutic effect. In addition, our results have shown that the cell morphology was destroyed after treated with DOX@ZIF nanoparticles or DOX@ZIF-8-FA nanoparticles compared to free DOX (Supplementary Figure S2) .
Conclusions
In conclusion, we have reported a novel folic acid-modified DOX@ZIF-8 nanoparticles for targeted treatment of liver The low cytotoxicity, high drug capacity, and tumor targeting ability make it a promising targeted drug delivery system. MTT assay also showed that DOX@ZIF-8-FA nanoparticles displayed a higher therapeutic efficiency towards HepG2 cells than free DOX and DOX@ZIF-8 nanoparticles. These results indicated that the DOX@ZIF-8-FA nanoparticles are a promising drug delivery system for folate receptor-related liver cancer.
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